Hantavirus pulmonary syndrome (HPS) is an acute respiratory illness first identified in the southwestern United States in 1993 [1, 2] . HPS is characterized by a prodrome of fever, myalgia, and headache, followed by rapidly progressing pulmonary edema and cardiogenic shock, resulting in a high mortality rate [3] [4] [5] [6] [7] . A study of patients who died of HPS demonstrated antigens of Sin Nombre virus (SNV), the recently identified member of the hantavirus genus, in endothelial cells, mainly in the lung [8] [9] [10] . However, the pathophysiologic mechanisms responsible for pulmonary edema in HPS are not fully understood.
ies suggest that the development of plasma leakage in DHF relates to activation of T lymphocytes and monocytes, with systemic production of vasoactive cytokines, including tumor necrosis factor (TNF)-a, interleukin (IL)-2, and interferon (IFN)-g [11, 12] . We reported that plasma levels of soluble CD4, soluble CD8, and soluble IL-2 receptors were elevated in patients with DHF [13] , and others have reported elevated plasma levels of TNF-a [14] . Elevated plasma levels of TNF-a have been reported in patients with hemorrhagic fever and renal syndrome (HFRS), another hantavirus disease [15] . We hypothesized that the pulmonary edema of HPS is caused by activation of T lymphocytes and monocytes locally in the lungs, with local production of inflammatory cytokines. We and others have described the use of immunohistochemical staining techniques to detect cytokine production at the single cell level [16, 17] . This method has been used to study tissue sections and therefore allows the analysis of local cytokine production. We therefore analyzed the number of cells producing IL-1a, IL-1b, IL-6, TNF-a, IFN-g, IL-2, IL-4, and TNF-b in the lungs of 6 patients with fatal HPS. For comparison, we analyzed the numbers of cytokine-producing cells in liver, kidney, and spleen tissues of these patients as well as in the lung and other tissues obtained from 2 patients who died of non-HPS acute respiratory distress syndrome (ARDS) and 4 patients who died of causes other than ARDS.
Materials and Methods
Specimens. For the present study, we selected 6 patients diagnosed with fatal HPS at the University of New Mexico Health Sciences Center (UNM) from whom frozen (Ϫ80ЊC) tissue blocks Downloaded from https://academic.oup.com/jid/article-abstract/179/2/295/997586 by guest on 23 January 2019 (table 1) . Hantavirus infection was confirmed in each case by detection of antibody to SNV antigens in antemortem blood specimens [18] , detection of hantavirus gene sequences in autopsy tissues by polymerase chain reaction [8] , and/or immunohistochemical detection of hantavirus antigens in autopsy tissues [8] . The interval between admission to UNM and death for these patients ranged from 2 hours to 2 days. For comparison, we selected for study 6 patients with non-HPS diseases from whom frozen lung tissue blocks were available, 2 with non-HPS ARDS and 4 without ARDS (table 2) . Five of the 6 non-HPS patients were from New Mexico and 1 (patient C4, table 2) was seen at the University of Massachusetts Medical Center (UMMC). Tissue samples of kidney, liver, and spleen were also available for study from 3 of these patients. All autopsies were performed 2-20 h after death. Frozen sections (8 mm thick) of lung, kidney, spleen, and liver from HPS and non-HPS patients were prepared and fixed with 2% paraformaldehyde (Kodak, Rochester, NY) in PBS at 4ЊC for 15 min at UNM. Frozen sections were shipped immediately on dry ice to UMMC for immunohistochemical analysis.
Preparation of positive controls for cytokine immunostaining. Controls for immunostaining of cytokine-producing cells were prepared as described previously [16] . Briefly, peripheral blood mononuclear cells from a healthy donor were incubated with phytohemagglutinin at a 1:100 dilution (Life Technologies, Gaithersburg, MD) and 100 U/mL recombinant human IL-2 (Collaborative Biomedical Products, Lexington, MA) for 3 days to induce the production of IFN-g, IL-2, IL-4, and TNF-b. Peripheral blood mononuclear cells from the same healthy donor were incubated with 1 mg/mL lipopolysaccharide (Sigma, St. Louis) for 16 h to induce IL-1a, IL-1b, IL-6, and TNF-a. After incubation, cytospin slides were prepared and stored at Ϫ70ЊC until examination.
Antibodies. Monoclonal antibodies (MAbs) used for the immunohistochemical detection of cytokine-producing cells were as follows: anti-IL-1a and anti-IL-1b (provided by H. Towbin, CibaGeigy, Basel, Switzerland), anti-IL-6 (provided by H. Nakamura, Toray Industries, Otsu, Japan), anti-TNF-a and anti-IL-4 (PharMingen, San Diego), anti-IFN-g (Mabtech, Stockholm), anti-IL-2 (Serotec, Kidlington, UK), and anti-TNF-b (Bender Medsystem; Vienna).
Immunostaining of cytokine-producing cells. Cytokine-producing cells were immunostained as described previously [16] . In brief, the slides were treated with an avidin-biotin blocking kit (Vector Laboratories, Burlingame, CA) to quench endogenous biotin activity and then incubated with 5% normal goat serum (Vector Laboratories) in 0.1% saponin in N-2-hydroxyethyl-piperazine-N -2-ethane sulfonic acid (HEPES)-buffered balanced salt solution (HBSS/saponin). The slides were then incubated with cytokinespecific MAbs for 16 h at 4ЊC. Following treatment with 0.3% H 2 O 2 (Sigma) and 0.1% NaN 3 (Mallinckrodt, Paris, KY) to block endogenous peroxidase activity, the slides were incubated with biotin-labeled secondary antibodies for 30 min at room temperature. Subsequently, the slides were incubated with horseradish peroxidase-streptavidin (Vector Laboratories), and the color reaction was developed with 0.03% 3 -3 diaminobenzidine tetrahydrochloride (Dojin, Kumamoto, Japan) containing 0.006% hydrogen peroxide. The slides were counterstained with methyl green (Anachemia, Rouses Point, NY) and mounted for light microscopy.
Tests for specificity of cytokine staining. Positive control slides were prepared as described above. Irrelevant isotype-matched MAbs were used to assess nonspecific staining. Positive and negative control slides were included in each staining procedure, and the cytokine-producing cells were enumerated in patient specimens only when the appropriate staining characteristics were observed in both the positive and negative control slides. We also performed immunoadsorption tests for all cytokines examined; purified re-combinant cytokines were incubated with the cytokine-specific MAb prior to staining. No specific immunoreactivity was observed with any of the MAbs after immunoadsorption. The following recombinant cytokines were used in the immunoadsorption test: IL-1a, IL-1b, IL-4, IL-6, TNF-a, and TNF-b (all from R&D Systems, Abingdon, UK); IL-2 (Genzyme, Cambridge, MA); and IFNg (Endogen, Cambridge, MA).
Quantification of stained cells. Cytokine-producing cells were identified and quantified using a Nikon Labophot-2 microscope (Nikon, Garden City, NY). At least 20 areas were randomly selected for analysis under 400ϫ magnification and the number of positive cells per square millimeter was calculated.
Statistical analysis. The numbers of cytokine-producing cells in tissues of patients with HPS and control patients were compared by the Mann-Whitney rank sum test, using SigmaStat 2.0 for Windows (Jandel Software, San Rafael, CA). P values !.05 were considered significant.
Results

Clinical Findings
Clinical and laboratory data from the 6 patients with HPS (H1-H6) and the 6 patients without HPS (A1, A2, C1-C4) are listed in tables 1 and 2. Noncardiogenic pulmonary edema was present in all HPS patients. Laboratory tests revealed hemoconcentration, leukocytosis, and thrombocytopenia. Proteinuria was present in 3 of 3 patients tested and serum creatinine levels were mildly elevated in 3 of 4 patients tested. Patient H5 had the highest serum creatinine level (1.9 mg/dL). Mild to moderate increases in serum alanine or aspartate transaminase levels were present in all 6 patients.
Among the patients without HPS, 2 patients died of non-HPS ARDS (A1 and A2). In both patients, ARDS resulted from severe bacterial pneumonia. The other 4 patients were included as non-ARDS controls for the present study (C1-C4). The causes of death in these patients are listed in table 2; none had pulmonary disease as a contributing cause of death.
Pathologic Findings
Lung. Histologically, a mild to moderate interstitial pneumonitis with variable degrees of congestion, edema, and mononuclear cell infiltration was observed in all lungs from HPS cases. The interstitial infiltrate was composed of a mixture of small and enlarged mononuclear cells with the appearance of immunoblasts. Variable numbers of inflammatory cells were demonstrated within the alveoli. Neutrophils were rarely seen in the interstitium, alveoli, or bronchioles. Pulmonary vessels contained neutrophils and atypical lymphocytes with the appearance of immunoblasts. Focal hyaline membranes were observed in 5 of 6 cases. No viral inclusions or type II pneumocyte hyperplasia were identified. Proteinaceous pleural effusions were found in 5 of 6 patients.
Lung tissues from the non-HPS ARDS patients (A1, A2)
showed diffuse alveolar damage with focal hyaline membrane formation; the lung tissue of patient A1 also showed pneumonia. There was no evidence of hyaline membrane formation in the lung tissues from the other control patients (C1-C4). However, these lung tissues showed the following abnormalities: acute bronchitis and mild acute pneumonia (patient C1), pulmonary edema (patient C2), and moderate acute pneumonia (patient C4).
Kidney. All of the kidneys from HPS patients and non-HPS patients were histologically normal. Nephrosclerosis was noted in 1 non-ARDS control patient.
Liver. Infiltration of lymphocytes in the portal triads was observed in 3 of 6 HPS patients. No piecemeal necrosis or lobular hepatocyte necrosis was noted. Mild steatosis was noted in the liver of 1 HPS patient. One non-HPS ARDS patient had cirrhosis and a history of alcohol abuse. Livers from the other non-HPS patients were histologically normal.
Spleen. Splenomegaly (weight 1200 g) was observed in 1 patient with HPS. Varying numbers of immunoblasts infiltrating into the red pulp and the periarteriolar white pulp of spleen were identified in 4 of 6 HPS patients. Both non-HPS ARDS patients had splenomegaly. No abnormalities were present in the spleens from non-ARDS control cases.
Cytokine Production
Patients without ARDS. Cytokine production was examined in non-ARDS cases (C1-C4) to define a basal level of cytokine-producing cells. No or few cytokine-producing cells were detected in the lungs, kidneys, livers, and spleens of all non-ARDS cases (figures 1, 2A).
Patients with HPS. Cytokine-producing cells were detected in lung, kidney, liver, and spleen tissues of HPS patients (figures 1, 2C, 2D, 3, and 4). Intensely stained cytokine-producing cells were seen throughout the lung tissues of these patients (figures 2C, 3). Monokines (IL-1a, IL-1b, IL-6, and TNF-a) were detected both in small cells within the alveolar walls and in larger cells in the alveolar air spaces (figures 2C, 3A), whereas lymphokines (IFN-g, IL-2, IL-4, and TNF-b) were detected mainly in small cells located within the alveolar walls ( figure  3B, 3C) .
Cytokine-producing cells were rare in the kidney. In most kidney specimens examined, there were only a few positively staining cells in the interstitium. However, in case H5, the kidney showed a moderate number of cytokine-producing cells not only in the interstitium but also in the glomeruli ( figure 4A ). The level of cytokine-producing cells in the kidney of patient H5 was higher than that in the lung of the same patient ( figure  1) .
The number of cytokine-producing cells in the livers of HPS cases was limited. Most of the liver tissues examined showed no or few cytokine-producing cells, except for those from cases H3 and H4, in which the liver tissues showed moderate numbers of IL-1a-, IL-1b-, IL-6-, and IL-2-producing cells (figures 1, 4B). Cytokine-producing cells were detected along the hepatic sinusoids. Few cytokine-producing cells were identified within portal triads that contained mononuclear inflammatory cells.
In the spleens, intense immunostaining was observed in most of the HPS cases (figure 1). The spleen tissues of patients H5 and H6 had the highest numbers of cytokine-producing cells ( figure 4C ). Cytokine-producing cells were found predominantly in the red pulp.
Patients with non-HPS ARDS. Cytokine production was examined in the tissues of 2 patients with ARDS unrelated to hantavirus infection in order to determine whether the pattern of cytokine production seen was specific to HPS. Cytokineproducing cells were detected in some of the tissues from these patients; however, the numbers of cytokine-producing cells in the lungs of these patients were usually lower than in most of the patients with HPS (figures 1, 2B). Figure 1 shows the numbers of cytokine-producing cells in the various tissues of HPS cases and non-HPS cases. The numbers of cytokine-producing cells in the lungs of HPS patients were significantly higher than those in the lungs of control patients ( for IL-2, IL-4, and IL-6; for IFN-g, P ! .01 P ! .05 TNF-b, IL-1a, and TNF-a). The numbers of cytokine-producing cells in spleen tissues of HPS patients were also significantly higher than those of the control patients ( for P ! .05 IFN-g, IL-2, TNF-b, IL-1b, and IL-6). There were no statistically significant differences between patients with HPS and with non-HPS ARDS because of the small sample size.
Statistical Comparison of Findings among Groups
Discussion
In the present study, we demonstrated specific localization of cytokine-producing cells in the lungs of patients who died of HPS. The numbers of cytokine-producing cells in the lungs of HPS patients were higher than in the kidneys and livers of the same patients. This localization of cytokine-producing cells to the lung parallels the distribution of hantavirus antigens, as reported by Zaki et al. [8] . We detected cells producing predominantly monocyte-derived cytokines, such as IL-1a, IL-1b, IL-6, and TNF-a, as well as cells producing predominantly lymphocyte-derived cytokines, such as IFN-g, IL-2, IL-4, and TNF-b. We did not perform detailed studies to characterize the cells producing each cytokine; however, on morphologic grounds alone it appeared that lymphocytes in addition to monocytes and macrophages were involved in cytokine production in the lungs of these subjects.
Cytokine production by both activated T lymphocytes and monocytes is likely to be important in the pathogenesis of HPS, which is characterized by a capillary-leak syndrome in the lungs. Similar mechanisms have been postulated in the pathogenesis of DHF, which is also characterized by a capillary-leak syndrome, although capillary leakage in DHF is diffuse and generally spares the lungs [19] . TNF-a is thought to play an important role in causing capillary leakage [20, 21] , and IL-2 has also been shown to increase vascular permeability in vivo [22] . IFN-g produced by activated T lymphocytes is known to enhance TNF-a production and exacerbate shock in vivo [23] . Therefore, it is notable that we detected cells producing TNFa, IL-2, and IFN-g in the lungs of these subjects with HPS.
Prior to 1993, human hantavirus infections had been associated only with HFRS and nephropathia epidemica, both characterized predominantly by renal impairment. Several studies demonstrated impaired endothelial cell function in the kidney Downloaded from https://academic.oup.com/jid/article-abstract/179/2/295/997586 by guest on 23 January 2019 during hantavirus infection of mice and humans [24, 25] . It has also been reported that serum cytokine levels and the expression of activation antigens on peripheral blood lymphocytes are increased in patients with HFRS [15, [26] [27] [28] [29] . Thus, although the major organ affected differs in HPS and HFRS, activation of cytokine production and T cell function appears to be involved in the pathogenesis of both diseases.
One patient with HPS in this study (H5), who had renal impairment during acute infection, had higher numbers of cytokine-producing cells in the kidney than in other organs, including the lung. Zaki et al. [8] also demonstrated SNV antigens in the medulla and glomeruli of kidney tissues of some patients with HPS. The presence of SNV antigens and cytokine-producing cells in the kidney may thus cause renal impairment and proteinuria in some patients with HPS. Concurrent pulmonary and renal manifestations are characteristic of HPS due to Bayou and Black Creek Canal viruses in the southeastern United States [30, 31] . Our patient H5 was infected in New Mexico by a strain of SNV (demonstrated by polymerase chain reaction amplification of viral sequences from blood [32] ), and a few other SNV infections have been complicated by renal failure and proteinuria.
Two other patients with HPS in the present study (H3, H4) had high numbers of cytokine-producing cells in their liver tissues. These cytokine-producing cells were located mainly within sinusoids, suggesting that these cells may be in the general circulation. Few cytokine-producing cells were seen in the portal triads.
Several studies [33] [34] [35] have reported that trauma or cardiopulmonary resuscitation induces cytokine expression in the lung, resulting in acute pulmonary damage. Therefore, to determine whether the finding of high numbers of cytokine-producing cells was specific for HPS, we examined lung tissues obtained from patients who died of causes other than HPS. We found few cytokine-producing cells in the lungs of patients who died without clinically significant acute lung disease. We found moderately increased levels of cytokine-producing cells in the lungs of 2 patients with non-HPS ARDS. The numbers of cytokine-producing cells in the lungs of these patients was somewhat lower than in subjects with HPS, although this difference was not statistically significant. It is difficult for us to draw firm conclusions from the data from non-HPS ARDS subjects because the number of patients studied was small and samples were obtained late in disease. However, the suggestion that local cytokine production in the lung may be involved in the development of non-HPS ARDS is in agreement with a previous study showing high cytokine levels in bronchoalveolar lavage fluid of patients with non-HPS ARDS [36] .
In conclusion, we have demonstrated markedly increased numbers of cytokine-producing cells in the lungs of HPS patients. In 1 HPS patient who developed massive proteinuria, many cytokine-producing cells were observed in the kidney as well. These findings suggest that T lymphocyte activation and cytokine production play important roles in the pathogenesis of HPS as well as in the renal dysfunction in hantavirus infection.
